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Abstract: Since 2012 there has been a rapid rise in the development of triboelectric 
nanogenerators due to their potential applications in the field of energy harvesting and 
self-powered sensors for vibrations, accelerations, touches, pressures and other 
mechanical motions. This study suggests a novel triboelectric nanogenerator based on 
the interaction between polyvinylidene fluoride and polyvinylpyrrolidone submicron fibers. 
Polyvinylpyrrolidone is introduced as a new material for the TENG because of its 
tendency of losing electrons easily, while polyvinylidene fluoride is selected for its strong-
electron attracting ability. Electrospinning is suggested as a fabrication method for the 
nanofibers due to its simplicity, versatility and low-cost. Furthermore, the paper explores 
the possibility to use this triboelectric nanogenerator as a self-powered pressure sensor. 
For this purpose, the nanogenerator is subjected to dynamic mechanic analysis which 
produces controlled pressure forces applied with a certain frequency. This is the first work 
to suggest the use of dynamic mechanical analyzer to study the relation between the 
applied mechanical stimulus and the electric responses of the triboelectric nanogenerator. 
Eventually the sensitivity of the nanogenerator to different pressures is analysed. A 
directly proportional relationship is found between the pressure applied and the resultant 
voltage and current amplitudes. The developed nanogenerator reacts to pressure in real 
time and as a sensor it exhibits a very high sensitivity and low experimental error for 
repeated measurements. The main contributions of this study are the development of a 
novel nanogenerator based on the triboelectric effect between polyvinylidene fluoride and 
polyvinylpyrrolidone electrospun fibers and the investigation for its potential use as a self-
power pressure sensor. Eventually, the paper explores the advantages of dynamic 
mechanical analyzer for pressure analysis.  
Keywords: Triboelectric Nanogenerator; Self-Powered sensor; Pressure sensing; Nanofibers; 
Electrospinning. 
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1. Introduction  
Pressure sensors are required in thousands of everyday applications as touchscreens, touchpads, 
microphones and medical devices. According to their mechanism to convert the mechanical energy 
into electricity can be generally divided into the following categories:  piezoelectric [1-2], 
capacitive [3], optical [4] and resistive sensors [5]. Among these approaches, the sensors based on 
the piezoelectric effect have attracted the most attention because they are self-powered and do not 
need a battery or an external power supply to power the sensor. Therefore, they can be used as 
sustainable sensors able to work independently without any external power supply which results 
in important cost-savings. However, the fabrication of piezoelectric sensors is rather complicated 
and requires time-consuming and cost processing steps as annealing (a heat treatment to increase 
the crystallinity of the sensing material) and electrical poling (the application of a high electrostatic 
field at elevated temperature to align the dipoles). Hence, it is highly desired to find alternative 
ways to fabricate self-powered pressure sensors using a low-cost technology.  
In the last years, triboelectric nanogenerators (TENGs) has been widely reported for their 
potential applications in the field of energy harvesting [6-10] and self-powered  active sensors for 
touches [11], vibrations [12], accelerations [13], velocities [14], wind speeds [15] and 
environmental changes [16-17]. More importantly, TENGs can also be utilized as self-powered 
pressure sensors with the advantages of easy fabrication and low-cost processing technology. For 
example, the authors from [18] reported a TENG which can detect pressures in the range from 0 
to 10 KPa with exceptional pressure sensitivity. Other works as [19] reported TENGs which can 
detect pressures at high pressure regimes (>10 kPa). Currently, most of the reported TENGs have 
been tested using a mechanical lineal motor [20], shaker [21], or vibration platform [22] which 
provides limited information about the characteristics of the mechanical stimulus. In this regard, 
we believe that it is necessary to investigate alternative techniques to analyze the characteristics of 
the mechanical stimulus which can be used to have a better understanding of the nature of the 
electric responses and its relation with the mechanical input. 
In this study, we introduce a novel triboelectric nanogenerator based on polyvinylidene 
fluoride (PVDF) and polyvinylpyrrolidone (PVP) electrospun fibers and test its application as self-
powered pressure sensor. For that purpose, the technique of dynamic mechanical analyzer (DMA) 
is used to analyze the mechanical stimulus applied to the triboelectric nanogenerator and the TENG 
electric responses are measured with the aim to assess the sensitivity of the resultant electric signals 
to changes in the pressure applied. The main advantages of dynamic mechanical analyzer are 
threefold: First, it provides the mechanical stimulus applied to the TENG in real-time as per 
example the magnitude of the pressures applied in the time domain. Second, it can be used to 
analyze of the relation between the mechanical input and the TENG electrical responses (e.g. the 
relationship between the deformation and the electric responses). Finally, it can evaluate the TENG 
performance under different environmental conditions as temperature and humidity.  As per the 
authors’ knowledge, this study presents the first attempt to use dynamic mechanical analyzer to 
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analyze the behavior of a TENG as pressure sensor.  This is beneficial as it can be used to 
understand more precisely the nature of the TENG electric responses. The experimental results 
indicated that the developed pressure sensor has a very high sensitivity and reproducibility. 
Actually, very few publications have reported the pressure sensitivity of TENGs [18-19] and it can 
be concluded that the developed sensor is more sensitive than most reported triboelectric sensors 
in the 0-2000 Pa detection range. 
Previous publications have reported that the ability of the materials to lose or gain electrons 
during the triboelectrification plays an essential role in the performance of TENGs [23-25]. 
Logically, the further away the materials are separated in the triboelectric series (Fig. S1), more 
electrons are exchanged which results in an increase of the triboelectric effect and higher electric 
outputs. In the design of the triboelectric nanogenerator, PVDF and PVP fibers are selected 
because both materials are further away from each other in the triboelectric series, which is 
expected to enhance the performance of the TENG. To date PVDF fibers have been widely utilized 
to build TENGs [26-30] due to their strong tendency to attract electrons. This is due to the large 
composition of fluorine in PVDF that has the highest electronegativity among all the elements and 
the large active surface of the nanofibers. In this paper, we suggest PVP fibers as the other 
triboelectric mat to design the TENG due to their strong ability to lose electrons and large contact 
surface. To the best of our knowledge, only a few works [27, 31] have explored the potential of 
PVP fibers as positive triboelectric material. 
It is also well known that the performance of the TENG is largely dependent on the contact 
area between the frictional materials [32]. Therefore, there has been much effort to prepare 
triboelectric mats with large contact active surface. For example, [33-34] used patterned films and 
nanoparticles in the TENGs to increase contact area between the frictional mats. In this study, we 
utilized nanofibers to design the TENG due to their higher specific area and very high roughness, 
which is expected to increase the generation of triboelectric charges. For this purpose, a simple 
method is suggested to fabricate fibers using the technique of electrospinning. This process has 
the advantages of cost effective mass production, scalability and simplicity of the design and 
fabrication from a wide variety of triboelectric nanofibers as per example nylon [35], polystyrene 
[36] or poly(methyl methacrylate) [37] to mention just a few. Furthermore, the very rough surface 
of the fibers fabricated via electrospinning can be used to improve the performance of the 
triboelectric nanogenerators. Although some authors have reported triboelectric nanogenerators 
fabricated via electrospinning [38-39], it is important to highlight the advantages of this fabrication 
method and the simplicity of this process for preparation of triboelectric nanogenerators at large 
scale using a low-cost production technology. 
The rest of the paper is organized as follows: Section 2 describes the preparation of the 
polymer fibers using the electrospinning technique. &3 and 4 are dedicated to the characterization 
of the produced polymer fibers. Section 5 explains the fabrication process for the triboelectric 
nanogenerator using the fibers. The DMA experiments carried out to assess the sensitivity of the 
TENG to pressures are presented in Section 6. Section 7 presents and discusses the experimental 
results in detail. Eventually some conclusions are offered in &8. 
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2. Preparation of the PVDF and PVP fibers  
 
This section explains the procedure used to prepare the fibers used in the triboelectric 
nanogenerator. The submicron fibers were produced using the technique of electrospinning due to 
its low cost, scalability, and simplicity for the fabrication of a wide variety of triboelectric mats. 
Furthermore, the large surface area and rough surface of the fibers produced via electrospinning 
can generate higher density of triboelectric charges through the triboelectric effect, resulting in 
larger electric outputs [27]. Thus, an increment of the thickness of the electrospun membranes (e.g. 
by using a large collection time in the electrospinning process), it is expected to increase the TENG 
electric responses up to a certain point. Fig. S2 illustrates a schematic description of the 
electrospinning process used to prepare the nanofibers for the TENG.   
 
For preparing the PVDF fibers, polyvinylidene fluoride pellets with a molecular weight of 
275,000 g mol-1, N, N- dimethylformamide (DMF) and acetone solvents were used as received. 
Initially, a chemical solution was prepared by dissolving 2g PVDF pellets in 10 ml solvent mixture 
of N, N- dimethylformamide and acetone (4/6). After, the chemical solution was heated on a hot 
plate at 70 °C while being actively stirred to speed up the dissolution process. Finally, the 
homogeneous solution was inserted into a plastic syringe to be spun using the following operation 
conditions: A high voltage of 15 kV, a spinning distance of 15 cm and a feed rate of 1 ml/h. During 
the electrospinning, the equipment used (Nanon-01A) is equipped with a 21 G steel needle (inner 
diameter = 0.8 mm) and a static collector. As a result, membranes of PVDF submicron fibers with 
a thickness of approximately 2 mm are obtained.  
Regarding the preparation of PVP fibers, PVP (MW= 360,000 g mol-1, Sigma Aldrich) 
powder was used as polymer and ethanol was used as solvent. Firstly, a chemical solution was 
prepared by dissolving the PVP powder in a solution of ethanol at a concentration of 10% w/v. 
Secondly, the chemical solution is transferred to a 5 ml plastic syringe to be spun using the 
following conditions: applied voltage 18 kV, feed rate 0.5 ml/h, spinning distance 12 cm, 21 gauge 
needle and static collector.  Finally, membranes of PVP submicron fibers with a thickness of 
around 1 mm are prepared. 
3. Characterization of PVDF and PVP fibers 
The aim of this section is to analyze the morphology of the fibers used in the triboelectric 
nanogenerator. As stated above, the performance of a TENG is affected by the contact area 
between the frictional materials. Additionally, the internal spaces of the triboelectric layers (e.g. 
porosity) also affect positively the output performance of the TENG [40]. Therefore, there has 
been much effort to prepare triboelectric mats with large active surface area and porosity. One of 
the methods to prepare mats with high active surface area and porosity is to use ultra-thin fibers in 
the TENG.  
The morphology of the fibers was characterized based on scanning electron microscope 
(SEM) images. From the SEM images, the diameters of 100 fibers were measured by using the 
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software J 1.45s.  Then, the fiber diameter distribution is calculated by counting the number of 
fibers who possess diameters in the range selected. The analysis of the morphology for the fibers 
used in the TENG is presented in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Analysis of the morphology for the fibers used in the triboelectric nanogenerator: (a) SEM image of electrospun 
PVDF fibers, (b) fiber diameter distribution of PVDF fibers, (c) SEM image of electrospun PVP fibers and (d) fiber 
diameter distribution of PVP fibers. The SEM images were obtained using EVO MA15 scanning electron microscope 
at an accelerating voltage of 5 kV and probe intensity of 291 pA.  
The SEM image of the PVDF submicron fibers is given in Fig. 1a and the fiber diameter 
distribution is presented in Fig. 1b. The SEM image shows good quality submicron fibers with 
different sizes distributed randomly in the membrane. The submicron fibers are separated from 
each other and have a smooth surface with a few bead defects. The fiber diameter histogram shows 
a normal distribution which is skewed to the right thus indicating that the diameter of the spun 
fibers is not uniform. The histogram shows that the fibers diameter is somewhere between 800 and 
1000 nm with a probability of about 28 %. The average diameter of the PVDF nanofibers was 
1100 nm with a standard deviation of 370 nm.  
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The SEM image of PVP fibers is given in Fig. 1c and the histogram of fiber diameter 
distribution is displayed in Fig. 1d. The fibers obtained are distributed in random directions without 
beads and other defects as indicated in SEM image. The histogram shows a normal distribution 
with fiber diameters between 200 and 2200 nm. The fiber diameter distribution is skewed to the 
left indicating that the fibers diameter is between 1400 and 1600 nm with a probability of about 
17%. The average fiber diameter was 1400 ± 470 nm, indicating that PVP fibers are thicker than 
PVDF fibers. The wide distribution of diameters in both membranes of spun fibers (200 to 2200 
nm) is explained by the Taylor cone formed during the electrospinning. As illustrated in Fig. S2, 
the polymer jet is only stable close to the tip of needle and after that, it becomes unstable changing 
in periodic directions. 
4. Analysis of the crystalline phase in PVDF 
PVDF is ascribed to the piezoelectric effect when there is betha crystalline phase and the 
ferroelectric domains of β-phase are well aligned [41]. However, PVDF is also attributed to the 
triboelectric effect due to their strong-electron attracting ability [26-30]. This behavior is attributed 
to the high percentage of fluorine in PVDF that has the highest electronegativity among all the 
elements which results in a strong tendency to gain negative charges when in contact with almost 
any other material and the large active surface area of the fibers. In this section, we investigate if 
the nature of the electrical signal detected from PVDF nanofibers is due to the piezoelectric effect, 
the triboelectric effect or a combination of both.  
It is well known that the PVDF piezoelectric properties depend on the crystalline phase. The 
α crystalline phase is non-polar due to the antiparallel packing of the dipoles and in this phase 
PVDF exhibits no piezoelectric properties. However, the β crystalline phase is polar and in this 
phase PVDF can exhibit a strong piezoelectric behavior when the ferroelectric domains of the β-
phase are well aligned (e.g. by the application of high electric field at elevated temperature). To 
find out if the electric response of the PVDF nanofibers is due to the piezoelectric effect X-ray 
diffraction (XRD) and differential scanning calorimetry (DSC) were carried out to identify the 
crystalline phase of the polyvinyl fluoride fibers. The results for the analysis of the crystalline 
phase are shown in Fig. 2.   
Fig. 2a shows the XRD spectra of the PVDF fibers. The intense peaks at 2θ = 18.53°and 
20.08° correspond to the (0 2 0) and (0 1 0) planes of the alpha crystalline phase. Furthermore, the 
spectra shows other two small peaks around 27° and 36° associated with (0 2 1) and (2 0 0) planes 
of the phase α. As reported in [42], the diffraction peaks for α and γ phase are almost coincident 
in the XRD spectra and therefore, there has been some confusion between both crystalline phases. 
For this reason, DSC is used as complementary technique to assure that alpha is the crystalline 
phase of PVDF nanofibers. This technique allows to clearly distinguish between the α phase (the 
polymer melts in the range from 167 to 172 °C) and the γ phase (the melting point is about 179 to 
180 °C) [42]. The DSC results for the PVDF nanofibers are shown in Fig. 2b.  The DSC curve 
shows an endothermal peak at 167.1 °C confirming that the crystalline phase of the PVDF is the 
non-piezoelectric α-phase. In conclusion, the XRD and DSC results indicate that the crystalline 
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phase of PVDF is the non-piezoelectric alpha phase. Thus, the influence of piezoelectricity on the 
electric output of the PVDF fibers is negligible and the electric signal detected from the PVDF 
fibers is only due to the triboelectric effect. 
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Fig. 2: Identification of the crystalline phase in PVDF fibers: (a) XRD pattern obtained on a PANalytical X-ray 
diffractometer with Cu radiation of 1.54 A° in reflection mode using samples scanned in the 2θ range of 5° to 40° 
with a step size of 0.05°. (b) DSC curve obtained using Q200 differential scanning calorimeter from TA 
instruments using samples heated in a temperature range from 30 to 200 °C at the heating rate of 10 °C/min. 
 
5. Fabrication of the TENG 
 
 
This section describes the process used to fabricate the triboelectric nanogenerator using the 
technique of electrospinning [43]. This method was chosen because of its simplicity, versatility 
and low-cost. Furthermore, the rougher surface of the fibers produced via electrospinning increases 
the effective contact area improving the output performance of the triboelectric nanogenerator 
[38].  
The assembly process of the triboelectric nanogenerator is depicted in Fig. 3. Firstly, 
membranes of polyvinyl fluoride and polyvinyl pyrrolidone were electrospun on copper films as 
shown in Fig. 3a. The role of the copper films is to collect the submicron fibers during the 
electrospinning and act as electrodes for the triboelectric nanogenerator. PVDF and PVP fibers 
served as the sensor frictional mats due to strong tendency to gain and lose electrons. Secondly, 
the membranes of interconnected PVDF and PVP fibers are face to each other to assemble the 
triboelectric nanogenerator (Fig. 3b). Finally, the nanogenerator is sealed with polyethylene 
terephthalate film which acts as protection layer for the nanofibers and avoids changes in the 
electric responses due to humidity variations. This is also important to prevent the deliquescence 
of PVP nanofibers. Fig. 3c displays a digital photograph of the nanogenerator with the small size 
of 40 x 40 x 3.5 mm and a low weight of 4.93 g. Fig. 3b illustrates the structural design of the 
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triboelectric nanogenerator. The nanogenerator consist of two sections: (i) PVDF electrospun 
fibers deposited on copper electrode form the top section and (ii) PVP submicron fibers adhered 
on copper electrode form the bottom section. As it can be appreciated, the polyvinylidene fluoride 
fibers are located at the top side of the nanogenerator, while the PVP fibers are placed at the bottom 
side. These materials are chosen for their high tendency to gain and lose triboelectric charges 
respectively, as detailed in Fig. S1. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Schematic illustration of the fabrication process for the triboelectric nanogenerator: (a) Preparation of the 
PVDF and PVP fibers via electrospinning. (b) Structure of the fully assembled triboelectric nanogenerator (c) Digital 
photographic of the as-fabricated TENG. 
 
 
6. Application of the TENG as self-powered pressure sensor 
The aim of this section is to investigate the potential of the novel TENG as self-powered pressure 
sensor and assess their sensitivity to different pressure levels. The purpose of the experiments 
performed is to verify that the electric response of the nanogenerator is dependent on the pressure 
applied.  
As stated above, the use of the Dynamic mechanical analyzer (DMA; Q800; TA Instruments) 
is suggested to supply periodically applied pressures to the nanogenerator. The main benefit of 
using this instrument is that the mechanical stimulus applied on the nanogenerator can be 
monitored and record in real time. Furthermore, although this characteristic was not used in this 
study, this technique can also evaluate the performance of TENGs under different environmental 
conditions as temperature and humidity which is not possible based on conventional techniques. 
This can be potentially used to have a deeper understanding of the nature of the TENG electric 
responses. To measure the electric responses of the TENG due to the mechanical stimulus applied 
via DMA, the voltage and current output signals are obtained using a Tektronix 2012B commercial 
oscilloscope and Agilent 34410A digit multimeter.  
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Fig. 4: A schematic diagram of the experimental set-up to measure the electric output of the nanogenerator to pressures 
applied through dynamic mechanical analyzer (DMA).  
A schematic description of the experimental set-up is shown in Fig. 4. The pressures are 
applied on the top side of the TENG in a direction perpendicular to the device as shown in the 
figure. The pressures are generated by a constant force perpendicular to the nanogenerator 
mounted in DMA equipment and applied on a circular area of 50.24 cm2. During the test, the 
pressure applied was varied in the range from 200 to 2000 Pa with increments of 200 Pa. Each 
pressure application was repeated five times to assess the reproducibility of the electric responses 
for repeated applications of the same pressure. The electric outputs are shown in the results section 
where the effect of the pressure applied on the electric response of the nanogenerator is analyzed. 
From this test, the voltage and current generated by the various pressures are investigated.  
7. Results and discussion 
This section presents all the results obtained from the experiment described in Section 6. Initially, 
the working principle of the triboelectric nanogenerator is presented. Eventually, the results from 
the dynamic mechanical analyzer are shown and discussed 
7.1. Working principle of the TENG 
 
The electricity generation process of the triboelectric nanogenerator is schematically described in 
Fig. 5. The working mechanism is based on the coupling effect between the triboelectrification 
and electrostic induction. It is worth to note that the operating principle of the TENG is self-
powered. But as in most practical occasions the oscilloscope and multimeter used to measure the 
sensor electric signals require an external power supply. 
In the original state, there is no generation of triboelectric charges and no electric potential 
difference between the two electrodes as indicated in Fig. 5a. When a pressure is applied to the top 
of the nanogenerator, the PVDF and PVP submicron fibers are brought into contact with each 
other, which results in the generation of triboelectric charges with opposite signs as illustrated in 
Fig. 5b. Due to the strong electron-attracting ability of PVDF, electrons are injected from the PVP 
into the PVDF fibers, leaving negative charges on the PVDF fibers and positive charges on PVP 
fibers. As the pressure is released, the contacting surfaces will revert to their original positions 
Original State Pressing     Pressure releasing 
Dynamic plate 
Dynamic plate 
Dynamic plate 
Electrode 
PVDF 
PVP 
Electrode 
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which results in the separation of the positive and the negative charges. At this stage, the PVP and 
the PVDF fibers are oppositely charged and the subsequent separation of charges induces a dipolar 
moment and strong electrical potential difference between the electrodes which causes electrons 
flow through external loads from the bottom electrode to the top electrode producing an electrical 
signal as indicated in Fig. 5c. Finally, the generation of triboelectric charges stops and the electrons 
flow back producing an opposite sign electrical signal. Thus, the triboelectric nanogenerator 
reverts to its original state. Fig. 5d shows the variation of current as a function of the time due to 
one contact-separation caused by a finger pressure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Simplified description of the generation of electricity [44-45]: (a) the original position of the nanogenerator. 
(b) Under a pressure, the fibers of PVDF and PVP are brought into contact which results in the generation of charges 
with opposite signs.  (c) Once the pressure is withdrawn, the charges of PVDF and PVP are separated which results 
in a strong potential difference which drives the electrons from the bottom to the top electrode. (d) The variation of 
current in the time domain due to one contact-separation caused by one finger tap.  
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As mentioned in Section 6, dynamic mechanical analysis was conducted in order to evaluate the 
ability of the developed triboelectric nanogenerator to measure pressures. The idea is to evaluate 
the sensitivity of the resultant electricity signals to changes of the applied pressure with the aim to 
investigate the effect of the pressure on the electric output of the TENG.  
Fig. 6a shows the time history of the pressures applied to the nanogenerator in the range 
from 200 Pa to 2000 Pa. The pressure varied with an increment of 200 Pa and each pressure was 
applied for five cycles. Fig. 6b shows the corresponding electric response of the TENG measured 
in terms of current. The results indicate that the current output increased from 0.4569 ± 0.0003 µA 
to 1.3939 ± 0.0016 µA as the pressure increased from 200 Pa to 2000 Pa. Fig. 6c shows the electric 
responses of the TENG measured in terms of voltage. It can be seen that the voltage output goes 
up from 5.36 ± 0.09 to 13.24 ± 0.09 V when the pressure changes between 200 Pa and 2000 Pa. It 
can be concluded from these results, that the performance of the TENG is strongly affected by the 
magnitude of the pressure applied, producing a higher voltage and current output when the 
nanogenerator is subjected to a higher pressure. The device exhibited a peak-to-peak voltage and 
maximum current output of 13.24 V and 1.3939 µA, respectively under a mechanical compression 
of 2 kPa. The increase of the electric output with the increase of the pressure is related to the 
increment of effective contact between the frictional materials under a stronger pressure. At a small 
pressure, the rough surfaces of electrospun fibers prevent full contact between the fibers of PVDF 
and PVP. Thus, small areas of PVDF fibers are in contact with PVP fibers which results in a very 
few amounts of triboelectric charges generated and minimum electric outputs. When a stronger 
pressure is applied, the deformation of the device increases producing larger contact area between 
the PVDF and PVP fibers and consequently, more charges are generated what results in higher 
voltage and current outputs. 
Fig. 6d shows the maximum values of the current output as a function of the pressures. The 
results given are the average maximum current output and the corresponding standard deviations 
for the five cycles performed for each pressure. From Fig. 6d it can be appreciated that the 
relationship between the pressure and the maximum current can be interpolated with two straight 
lines one in the region from 200 to 800 Pa and another one between 800 and 2000 Pa. It is noticed 
that the bi-linear approximation between electric output and the pressing forces exhibits excellent 
linearity (R2 ≃ 0.99) for the two regions. The pressure sensitivity is 0.94 nA/Pa for the low-
amplitude pressure region from 200 to 800 Pa and it decreases to 0.37 nA/Pa for the pressure 
amplitude above 800 Pa.  
Fig. 6e shows the average voltage amplitude and the corresponding standard deviations for 
five repetitions as a function of the pressures. The results display that the output voltage increases 
at higher pressure and finally saturates at 13.2 V, when the pressure is 1600 Pa. This can be 
explained by the fact that higher pressure results in more contact area and hence increase the 
amount of triboelectric charges of the TENG. As a result, higher output voltage is obtained until 
the triboelectric nanogenerator saturates at 1600 Pa and 13.2 V. It can be observed that the 
relationship between the pressure and the average voltage exhibits three distinct regions. When  
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Fig. 6: Influence of pressures on the triboelectric nanogenerator. (a) Pressures applied through DMA equipment. (b) 
Current output measured using a digit multimeter. (c) Voltage responses measured using a commercial oscilloscope 
and (d) current and (e) voltage output as a function of the pressures in the range from 200 to 2000 Pa. 
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pressures are below 800 Pa, the relationship voltage-pressure is nearly linear (R2 = 0.996) and the 
pressure sensitivity is 8.8 mV/Pa. In the region between 800 Pa and 1400 Pa, the pressure 
sensitivity decreases up to 3.9 mV/Pa and the relation between the generated voltage and the 
pressure is still very close to linear (R2 = 0.989). In the region beyond 1600 Pa, the TENG reaches 
a saturation point. On the basis of these results, it can be concluded that the TENG exhibits a very 
sensitive response to applied pressures in the range from 200 to 1600 Pa. 
Currently the electric response of the developed triboelectric nanogenerator to different 
pressures in the range from 200 to 2000 Pa was tested. The results obtained in Fig. 6d and e reveal 
that the TENG is more sensitivity to pressures in the low-pressure region. This is in good 
agreement with previous results. For example, the triboelectric sensor published in [18] shows a 
pressure sensitivity of 44 mV/Pa for pressures below 150 Pa. However, the sensitivity decreases 
to 0.5 mV/Pa at higher pressures. The developed triboelectric nanogenerator shows a pressure 
sensitivity of 8.8 mV/Pa for pressures below 800 Pa while the sensitivity decreases to 3.9 mV/Pa 
for pressures in the range from 800 to 1600 Pa. Thus, it can be concluded that the triboelectric 
nanogenerator has a very high sensitivity in this range of pressures. It can also be observed that 
the current-pressure and the voltage-pressure relationships show a different bilinear trend. This 
can be explained by the fact that voltage and current are different characteristics. As mentioned in 
[46], the current is dependent of the capacitance (C) and voltage (V) of the TENG while the voltage 
is dependent of the density of triboelectric charges (𝜃), the separation distance (𝑑) and the vacuum 
permittivity (𝜀𝑜). We believe that these fundamental basics can explain the differences between 
the current-pressure and voltage-pressure relationships. In any case, further research is needed to 
fully understand the differences between both relationships. 
Furthermore, the reproducibility of the experiments is tested to determinate the stability of 
the electric responses for repeated applications of the same pressure. This experiment is carried 
out to is to find out if the electrospun fibers can withstand the pressure without being damaged 
which will ensure the experiment stability and reproducibility. In order to estimate the error which 
is due to variations in the measurement each pressure was repeated ten times. Then the mean 
electric values, standard deviations and coefficient of variations over the ten realizations for each 
of the maximum current outputs and peak-to-peak voltages were calculated. 
Table 1: Operational stability of TENG after ten repetitions for each pressure. Average value, standard deviation, 
and coefficient of variation (in percent) for voltage and current. 
Pressure 
(Pa) 
Mean Voltage 
(V) 
S.D. Voltage 
(V) 
C.V. Voltage 
(%) 
Mean Current 
(µA) 
S.D. Current 
(µA) 
C.V. Current 
(%) 
200 5.3 0.1 2.5 0.44 0.02 4.71 
400 7,5 0.1 1.3 0.68 0.01 1.65 
600 9.2 0.2 2.7 0.84 0.01 1.55 
800 10.6 0.2 2.3 0.98 0.01 0.72 
1000 11.5 0.2 1.8 1.06 0.02 1.67 
1200 12.4 0.3 2.2 1.11 0,02 1.79 
1400 13.1 0.1 1.1 1.19 0.02 1.80 
1600 13.1 0.2 1.6 1.27 0.01 0.96 
1800 13.1 0.2 1.6 1.36 0.01 1.05 
2000 13.2 0.1 0.9 1.41 0.02 1.22 
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Table 1 shows the mean values, the standard deviations and coefficient of variation for the 
voltage and the current outputs as a function of the pressure. It shows the average voltage and 
current measured for each of the pressures. It can be observed that the electric outputs are affected 
by the pressure applied in the same way as demonstrated in figure 6. In addition, the standard 
deviations for the ten measurements of voltage and current are less than 0.3 V and 0.02 µA 
respectively and the average coefficients of variation are 1.8 % and 1.7 % respectively. Therefore, 
these results indicate that the miniscule changes in the voltages and current outputs can be 
considered within the range of the experimental error. Thus, it can be concluded that the electric 
outputs of the developed TENG are very stable and there is almost no change in the electric 
response of the nanogenerator under repeated applications of the same pressure. This indicates that 
the electrospun fibers are robust and not damaged due to the repeated application of the pressures 
and the developed TENG can be used as a pressure sensor  
8. Conclusions 
 
In summary, this research introduces a novel triboelectric nanogenerator prepared by PVDF and 
PVP fibers and tests its application as self-powered sensor, which detects and follows the pressure 
changes in real time. 
 
An electrospinning method is used to fabricate the membranes of submicron fibers used in 
the TENG. This method was chosen because it is one of most economic, versatile and simple ways 
to prepare nanofibers. Additionally, electrospinning is a scalable industrial process and thus makes 
a promising alternative for fabrication of such devices on larger scale using a low-cost technology.  
 
This study also establishes the working mechanism of the developed TENG and more 
precisely that it is associated to the triboelectric effect between the two materials used, rather than 
the piezoelectric properties of PVDF. The results from this study confirm the lack of 
piezoelectricity in the electric output produced by the TENG, which is concluded from the alpha 
crystalline structure of PVDF nanofibers. It is thus confirmed that the application of the developed 
device as a transducer is due to the triboelectric effect between PVDF and PVP fibres, caused by 
their strong ability exchange electrons which is enhanced by their large contact surface.   
 
The effect of mechanical stimulus on the TENG electric output was analyzed through using 
dynamic mechanical analysis. This is the first study to suggest DMA for the purpose. It is the 
authors’ opinion that this method can be beneficial because it can analyze the characteristics of 
mechanical stimulus applied to the TENG in real time (e.g. the magnitude of the pressure in the 
time domain) which can be used to enhance our understanding about the electric responses of the 
TENG. The DMA results show a direct relationship between the mechanical stimulus applied to 
the TENG and the electric responses, which demonstrates the sensitivity of the device. The self-
powered pressure sensor shows a very high sensitivity of 8.8 mV/Pa in the low-pressure region (< 
800 Pa) while the sensitivity decreases to 3.9 mV/Pa at higher pressures. There are currently rather 
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few publications which report the pressure sensitivity of TENGs [17], but this sensitivity is higher 
than the sensitivity of most reported triboelectric sensors.  
 
Finally, the reproducibility of the electric output of the nanogenerator under the same 
pressure is demonstrated. The results show that the output of the fabricated TENG was very stable 
and the electric response of the TENG exhibits almost no change for repeated applications of the 
same pressure. This is a very important property for the potential applications of the developed 
TENG as a self-powered pressure sensor.   
In our view, we believe this work will serve as an excellent initial step toward the 
development of a potential TENG which can be used as self-powered sensor when dynamical 
pressures are applied. At the same time, this work demonstrates the potential applications of 
TENGs for pressure monitoring with advantages of being self-powered, environmental friendly, 
maintenance-free, easy fabrication and low-cost as compared to conventional sensors. 
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